Abstract: Structure of diglycerol monolaurate (abbreviated as C 12 G 2 ) micelles in nonpolar oils cyclohexane and n-octane as a function of compositions, temperatures, and surfactant chain length has been investigated by small-angle X-ray scattering (SAXS). The SAXS data were evaluated by the generalized indirect Fourier transformation (GIFT) method and real-space structural information of particles was achieved. Conventional poly(oxyethylene) type nonionic surfactants do not form reverse micelles in oils unless a trace water is added. However, present surfactant C 12 G 2 formed reverse micelle (RM) in cyclohexane and n-octane without addition of water at normal room temperature. A clear signature of one dimensional (1-D) micellar growth was found with increasing C 12 G 2 concentration. On the other hand, increasing temperature or hydrocarbon chain length of surfactant shorten the length of RM, which is essentially a cylinder-to-sphere type transition in the aggregate structure. Drastic changes in the structure of RM, namely, transition of ellipsoidal prolate to long rod-like micelles was observed upon changing oil from cyclohexane to octane. All the microstructural transitions were explained in terms of critical packing parameter.
INTRODUCTION
Amphiphilic molecules undergo self-aggregation and form a variety of self-assembled structures both in polar and nonpolar solvents [1] [2] [3] [4] [5] [6] [7] [8] . Phase behavior and self-assembled structures of a variety of surfactants including conventional poly(oxyethylene)-type nonionic surfactants in aqueous systems were extensively studied in the past [9] [10] [11] [12] [13] . It has been found that the self-assembled structures of surfactants are influenced by the composition, temperature, and poly(oxyethylene) chain length. Just above critical micelle concentration (CMC), micelles are generally spherical in shape 14) . With change of a control parameter such as composition, temperature, or other external parameters, the micelles often grow into long cylindrical micelles [15] [16] [17] . These cylindrical micelles under a certain condition of temperature, concentration or salinity can be entangled with each other and form wormlike micelles [18] [19] [20] [21] . It has been shown that the aggregate structures and, hence, the intrinsic geometry of an individual amphiphile has a strong influence on the shape of the micelles 14) . The different shapes of the micellar aggregates can be characterized by the critical packing parameter defined as, cpp = v/a o l c , where a o is the effective cross-sectional area of the head group and v and l c are the volume and critical chain length of the hydrophobic chain, respectively. The cpp values for spherical, cylindrical, and lamellar particle is ~1/3, 1/3< cpp <1/2, and 1/2< cpp <1, respectively.
When lipophilic surfactants are added in organic solvents, reverse micelles (RMs) are formed above CMC due to dipole-dipole interaction between the hydrophilic head groups 5) . Generally, RMs show spherical geometry with a polar head group oriented toward each other in the core and the hydrophobic groups oriented towards hydrophobic environment of a nonpolar solvent phase. Studies on RM have attracted a significant interest over the years due to its tremendous application in several fields. It can act as stabilizers for reactive species that are insoluble in nonpolar solvents and are also used as size controlling micro-reactor for different aqueous chemical reactions 22, 23) . Besides, RMs are also used as template for the synthesis of nanoparticles [24] [25] [26] [27] . Previous reports indicate that the structure of the nanoparticles depends on the size and shape of the template micelles 28) . Thus, controlling the structure of RM, one can control the structure of nanoparticles.
In this paper, the structure of nonionic surfactant C 12 G 2 micelles in cyclohexane and n-octane has been investigated using small-angle X-ray scattering (SAXS) technique. SAXS measurements were performed over a wide range of compositions and temperatures. Apart from, effect of hydrocarbon chain length of surfactant on the RM structure has also been studied. To obtain RMs structure in real space, the SAXS data are evaluated by generalized indirect Fourier transformation (GIFT) method.
EXPERIMENTAL

1
The nonionic surfactant diglycerol monolaurate (abbreviated as C 12 G 2 ) and diglycerol monomyristate (abbreviated as C 14 G 2 ) were obtained from Taiyo Kagaku Co., Ltd., Yokkaichi Japan. C 12 G 2 , and C 14 G 2 are 91.1% and 92.9% pure, respectively and were used as received without further purification. The main impurities are unreacted diglycerol, diglycerol difatty acid esters. Nonpolar oils cyclohexane and n-octane were purchased from Tokyo Chemical Industry, Tokyo Japan and Wako Chemical Industry Tokyo Japan. Both the oils are 99% pure. The molecular structure of C 12 G 2 is presented in .
2.2.1 Sample preparations
Required amounts of C 12 G 2 were weighed to prepare 3-15 wt% of C 12 G 2 solutions in octane and taken in clean and dry glass ampoules with screw cap. The samples were mixed properly by using a dry thermo bath, vortex mixer and repeated centrifugation to achieve homogeneity. In order to study the effect of hydrocarbon chain length of surfactant to the RM structure, 5 wt% C 12 G 2 /cyclohexane, and 5 wt% C 14 G 2 /cyclohexane solutions were prepared following similar method. After mixing, all the samples were placed in a temperature-controlled water bath at 25 for 2 h for equilibration prior to SAXS measurements.
Small-Angle X-ray Scattering (SAXS)
In SAXS measurements, a SAXSess camera (Anton Paar, PANalytical); a new and powerful updated version of the so-called Kratky compact camera, which is attached to a PW3830 laboratory X-ray generator with a long fine focus sealed a glass X-ray tube (K a Wavelength of 0.1542 nm) (PANalytical) was used. The apparatus was operated at 40 kV and 50 mA. An equipped Göbel mirror and a block collimator enabled us to obtain a focused monochromatic X-ray beam of Cu-K a Radiation (l = 0.1542 nm) with a welldefined line-shape. A thermostated sample holder unit (TCS 120, Anton Paar) was used to control the sample temperature. The 2D scattering pattern was recorded by an imaging-plate (IP) detector (a Cyclone, Perkin Elmer, USA) and integrated into to one-dimensional scattered intensities I(q) as a function of the magnitude of the scattering vector q = (4p/l)sin(q/2) using SAXSQuant software (Anton Paar), where q is the total scattering angle. All measured intensities were semi-automatically calibrated for transmission by normalizing a zero-q attenuated primary intensity to unity, by taking advantage of a semi-transparent beam stop. All I(q) data were corrected for the background scattering from the capillary and the solvents, and the absolute scale calibration was made using water as a secondary standard.
To obtain real-space structural information, SAXS data were evaluated by generalized indirect Fourier transformation (GIFT) method [29] [30] [31] [32] . This procedure relies on a basic equation of one-component globular particle systems, I(q) = nP(q)S(q), and its extension to polydisperse systems, where P(q) is the averaged form factor, S(q) is the static structure factor, and n is the number of particles in unit volume. As p(r) is mathematically connected to P(q) as ( ) Experimental p(r) can be calculated as inverse Fourier transformation of P(q). To suppress the influence of interparticle interference scattering on the evaluation of p(r) that generally leads to highly underestimate maximum size of the scattering object, an interaction potential model for S(q) was to be involved. In the present study, the averaged structure factor model 33, 34) of hard-sphere and PercusYevick closure relation to solve Ornstein-Zernike equation was used. The detailed theoretical description on the method has been given elsewhere [35] [36] [37] . Note that when the axial length of a cylindrical particle is at least three times longer than the cross-sectional diameter, it is possible to study the radial structure of the micelles. Theoretically, the radial electron density profile, (Dr c (r), is connected to the cross-sectional pair-distance distribution function, p c (r), as 39, 40) . Presently, the indirect Fourier transformation (IFT) and deconvolution methods are employed to determine the micellar cross-section and the radial electron density profile of the selected system.
RESULTS AND DISCUSSIONS
Formation of RMs in surfactant/oil systems and their structural variation has implications from both fundamental and practical viewpoints. Therefore, we intended to study the structure of RM formed in surfactant/oil binary systems without addition of water or other polar additives. In the following sections, we will describe structural investigation of RM as a function of composition, temperature, solvent properties, and hydrophobic chain length of surfactant.
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1 Visual inspection has shown that C 12 G 2 forms isotropic solution over a wide concentration range at 25 . Isotropic solution existed up to ~ 60 wt% surfactant in C 12 G 2 /octane, whereas; in C 12 G 2 /cyclohexane system isotropic solution extended up to ~ 70 wt% surfactant. Above these concentrations, isotropic solutions were in equilibrium with a birefringent liquid crystal phase. The detail temperaturecomposition diagrams of C 12 G 2 in cyclohexane and n-octane are yet to construct and will be published separately.
Here we discuss composition effect on the structure of RM in the dilute regions of C 12 G 2 /octane systems at 25 . SAXS measurements were carried out on 3-15 wt% C 12 G 2 /octane solutions.
shows the normalized scattering intensities, I(q), and the corresponding pair-distance distribution functions (PDDF, p(r)-functions) extracted from the GIFT analysis of the SAXS data at different C 12 G 2 concentrations at 25 . Note that hydrophobic parts of the C 12 G 2 surfactant and hydrocarbon oils nearly have the same contrast so that SAXS selectively detects the hydrophilic core of the RM. Therefore; p(r)-functions shown in this paper must be recognized as a measure of the micellar core structure.
Strong dependence of scattering intensity, I(q), to the scattering vector, q, is a clear signature of presence of aggregate structure in the studied systems. Absence of a correlation peak in the low-q regime of the I(q)-q curves (see ) indicates a negligible inter-micellar interaction. As the concentration increases, scattering intensity increases continuously throughout the entire q-range due to micellar growth. If we normalize the scattering intensity by volume fraction of surfactant, all the, I(q)-q curves lie one above the other. Therefore, the increase in the number density of micelles with surfactant concentration may not be the case. The micellar growth is clear in real space p(r)-function shown in . All p(r)-curves exhibit typical feature of rod-like micelles, namely a pronounced peak in the low-r side and an extended tail to the higher-r side. When concentration of C 12 G 2 is increased from 3-15 wt%, Just above the CMC, surfactant forms spherical or globular type micelles and the micellar size goes on changing with composition. At higher surfactant concentration, rodlike or planar types of micelles are often formed. The micellar growth with surfactant concentration has been explained by different models, which all assume that the free energy of a surfactant is higher in spherical micelles than in rod-like or disk like micelles. The larger the magnitude of the free energy difference, the steeper is the increase of the micellar size with increasing surfactant concentration. In aqueous systems, the surfactants with cpp > 1/3 show micellar growth with the surfactant concentration. However, the surfactant with cpp > 1 favors micellar growth with increasing surfactant concentration in the case for nonaqueous system.
With increasing surfactant concentration above CMC, the inter-micellar forces come into play and are repulsive in nature and work perpendicular to the interface. Therefore, any decrease in the inter-micellar distance with increasing surfactant concentration, increases the free energy of the system. To compensate this excess free energy and to maintain an inter-micellar distance as large as possible spherical micellar must grow into cylinder or planar type micelles.
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shows SAXS results for 5 wt% C 12 G 2 /octane systems at different temperatures . Increasing temperature decreased the scattering intensity in the forward direction (I(q = 0)) without affecting the scattering behavior in the high-q regions. The decreasing trend of the forward intensity with increasing temperature (see in inset of ) can usually be taken as an evidence of the decreasing micellar size 8, 41) . As shown in , increasing temperature from 25 to 75 , size of RM seems to gradually decrease from ~ 16 to 11.5 nm, i.e., micelles shrink by ca. 28%. At 25 , the shape of the p(r)-function shows a pronounced peak in low-r side and extended tail in higher-r side, which is a typical of long cylindrical type particles. However, at higher temperature (say 75 ), the shape of the p(r)-function modified into short rod-like or rather elongated ellipsoid prolate type particles. This enhances the possibility of formation of globular type of RM with further rise in temperature. Thus, SAXS data have clearly shown the evidence of micellar shrinkage, which is essentially a cylinder-to-sphere type transition in the RM structure induced by temperature.
Contrary to aqueous surfactant systems, where the miscibility of surfactant decreases with the rise of temperature and the systems show clouding behavior at higher temperatures, the miscibility of oil and surfactant in nonaqueous systems increases with temperature. The higher mutual solubility of the surfactant and oil may be caused due to increased thermal agitation, which increases the space available for the solubilization in the micelle. Furthermore, with increasing temperature, hydrophobic character of the surfactant gradually increases, so that the van der Walls interaction between the hydrocarbon chain of the surfactant and the oils increases, which leads to an increase in the oil solubilization capacity of the surfactant. Increasing temperature enhances the penetration of oil in the surfactant chain thereby increasing cpp decreases the length of the RM.
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J. Oleo Sci. 58, (5) 235-242 (2009) In order to see the structural transition caused by a small change in molecular weight of solvent oil, SAXS measurements were carried out on 5 wt% C 12 G 2 in cyclohexane and octane at 25 .
shows the X-ray scattered intensities in absolute unit and the corresponding p(r)-functions for 5 wt% C 1 2 G 2 /cyclohexane and 5 wt% C 12 G 2 /octane systems.
The structural transition induced by increase in molecular weight of oils, i.e., changing solvent from cyclohexane to octane is well reflected in the scattering functions presented in . The forward scattering intensity is strongly enhanced keeping the high-q intensity (q > 2 nm -1 ) virtually unchanged. Such features in scattering curves indicate the 1-D micellar growth 8 ) . In the case of C 12 G 2 /cyclohexane system, forward scattering intensity, I(q = 0), reached to zero asymptotically indicating the formation of globular or slightly elongated particles. On the other hand, in C 12 G 2 /octane system the low-q scattering function follows, I(q) ~ q -1 behavior indicating rod-like scattering particles 42) . The structural transition can be clearly seen in the real space functions. Asymmetric, bellshape of p(r)-function of C 12 G 2 /cyclohexane system confirmed that the RM has an elongated shape, whose maximum length, D max , is ~ 10 nm. Judging from the shape of the p(r)-function, namely a pronounced downward convex in the higher-r side after the maximum, it can be said that the system is polydispersed, mostly consisting of a globular type of particles with average size ~ 6 nm and rest are elongated particles. The C 12 G 2 /octane system exhibits a more asymmetric shape and a considerably greater D max (1 5.5 nm) of p(r), demonstrating the formation of rod-like elongated aggregate.
Cyclohexane has some degree of polarity in comparison to the linear chain hydrocarbon oil octane. Therefore, cyclohexane may go all the way ver y close to the hydrophilic/hydrophobic interface of the surfactant and increases the cpp. Increasing cpp in a reverse system means aggregates with more negative spontaneous curvature. As a result, formation of smaller aggregate in cyclohexane can be expected. In contrast, unfavorable direct contact between the diglycerol moiety and the non-polar hydrocarbon oil octane is likely to decrease the cpp leading to the formation of an elongated structure. Next, we present the cross-section analysis of RM core. The core diameter for 5 wt% C 12 G 2 /octane systems are 3 .8 nm as read out from the inflection point of p(r) located on the higher-r side of its sharp maximum (see ). To confirm and quantify this parameter more accurately, the model-free cross-section structure analysis was used and typical results are given in . The core cross-section diameter of ~ 3.6 nm judged from D c max in p c (r) and R c max 1 .8 nm in Dr c (r) for 5 wt% C 12 G 2 /octane system are almost identical with those obtained in the total p(r)-function. Note that the cross-sectional radius ca. to 1.8 nm from the electron density profile is close to the extended length of the diglycerol molecule (hydrophilic moiety).
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In order to see the effect of hydrocarbon chain length of surfactant on the structure of RM, SAXS measurements were carried out on 5 wt% C 12 G 2 /cyclohexane and 5 wt% C 14 G 2 /yclohexane systems at 25 and data are presented in . Small change in the hydrocarbon chain of the surfactant induces notable changes in the structure of RM. As can be seen in the I(q)-q curves, upon increasing hydrocarbon chain length of the surfactant from C 12 to C 14 , the forward scattering intensity decreased slightly keeping the higher scattering intensity practically unchanged (see inset of for better visibility). Such behavior in the scattering function can be taken as an evidence of micelle shortening. In the real-space p(r)-function, one can see that in both the 5 wt% C 12 G 2 /cyclohexane and 5 wt% C 14 G 2 /yclohexane systems particles' geometry is almost identical, namely ellipsoidal prolate. Nevertheless, the D max of the latter system ca. to 8.0 nm is ~ 20 % shorter than the former system, in which D max is ca. to ~ 10.1 nm. The inflection point seen on lower-r side after the maximum of the p(r)-function is practically the same in both the systems indicating that hydrocarbon chain length of surfactant do not modulate internal structure of the RM.
The microstructural transition induced by the hydrocarbon chain length of the surfactant can be explained in terms of cpp. Here, we have fixed area of surfactant's head group, solvent and temperature. The only difference is the chain length of surfactant. Increasing chain length increases the volume occupied by the lipophilic part of the surfactant and, hence, increases the cpp. As a result, the aggregates with smaller size tend to form. In other words, increasing hydrocarbon chain length increases the lipophilicity of the surfactant so that aggregates with more negative curvature are more likely to form.
CONCLUSION
The structures of diglycerol monolaurate (C 12 G 2 ) reverse micelle (RM) as a function of compositions, and temperatures have been investigated by SAXS technique. Furthermore, the effect of molecular weight of oil and hydrocarbon chain length of the surfactant has also been studied. Present study has shown a clear picture on the formation of RM in C 12 G 2 /oil systems without water addition. Contrary to the general fact, that RM generally exists in spherical shape; different shape, and size of RM have been observed in C 12 G 2 /oils. The spontaneous formation of RM in the studied systems can be attributed to the hydrophilic nature of the surfactant's head group, i.e., diglcyerol moiety. 
